Spin 1 2 honeycomb materials have gained substantial interest due to their exotic magnetism and possible application in quantum computing. However, in all current materials out-of-plane interactions are interfering with the in-plane order, hence a true 2D magnetic honeycomb system is still of demand. Here, we report the exfoliation of the magnetic semiconductor α-RuCl 3 into the first halide monolayers and the magnetic characterization of the spin 1 2 honeycomb arrangement of turbostratically stacked RuCl 3 monolayers. The exfoliation is based on a reductive lithiation/hydration approach, which gives rise to a loss of cooperative magnetism due to the disruption of the spin 1 2 state by electron injection into the layers. After an oxidative treatment, cooperative magnetism similar to the bulk is restored. The oxidized pellets of restacked single layers feature a magnetic transition at T N = 7 K in the in-plane direction, while the magnetic properties in the out-of-plane direction vastly differ from bulk α-RuCl 3 . The macroscopic pellets of RuCl 3 therefore behave like a stack of monolayers without any symmetry * To whom correspondence should be addressed The emergence of graphene 1,2 initiated the development of a variety of single layer compounds as well as investigations into their electronic, optical and mechanical properties. The materials that are most actively examined are monolayers either composed of a single element, such as carbon based graphene or black phosphorus single layers, or binary transition metal chalcogenides. [3] [4] [5] [6] Binary halide nanosheets have been predicted based on chemical intuition 3, 4 or ab initio calculations. 7 Yet, no single layer halides have been synthesized so far, even though this class of compounds features an array of interesting electrical and magnetic properties.
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The magnetic semiconductor α-RuCl 3 is one such example. While it was investigated in the past as a host for intercalants 8, 9 and as a lithium ion conductor, 10 current research focuses on its magnetic properties. Due to its layered honeycomb structure of spin 1 2 Ru 3+ centers in combination with spin orbit coupling (SOC), it is one of the few known materials featuring a zigzag antiferromagnetic (AF) ground state below a temperature of T N1 = 8 K. [11] [12] [13] In the zigzag order, the magnetic moments form ferromagnetic (FM) zigzag chains, whose magnetization direction is opposed to the neighboring chains within the plane. Additionally, there is a further magnetic phase transition observed at T N2 = 14 K. The origin of this transition is currently still under debate.
This type of ordering was first observed in Na 2 IrO 3 14-16 and explained by the Kitaev-Heisenberg model, 17, 18 which describes that a frustrated spin 1 2 honeycomb arrangement could lead to a variety of interesting spin structures. Based on the competition among the exchange interactions up to the third neighbor, the system could possibly be pushed into a quantum spin liquid regime by the manipulation of the competing interactions, thereby opening up applications in quantum computing. 17, 19 Yet, the Na + ions in the interlayer space of Na 2 IrO 3 lead to disadvantageous interactions between the iridate layers, which interfere with theoretical predictions of a honeycomb arrange-ment of spin 1 2 magnetic arrays. 20 Eliminating the interlayer interaction could provide a route to manipulate the spin structure of real materials featuring a spin 1 2 honeycomb arrangement. In RuCl 3 , where no charged ions are in between the honeycomb layers, the interlayer interactions are smaller than in Na 2 IrO 3 , but are not neglegible. 21 The appearance of several magnetic transitions between the zigzag order at T N1 = 8 K and the second ordering temperature of T N2 = 14 K have been discussed in regards to the stacking behavior of α-RuCl 3 . One argument attributes the transitions to the interplay between the first, second and third nearest neighbor as well as interlayer interactions, 13 while others claim that ABAB stacking faults in the ABC stack of RuCl 3 layers are responsible for the variety of magnetic transitions. 22 While both of these arguments emphasize the importance of an ordered stacking, the influence of the interlayer interactions could also be investigated by deliberately decoupling the interlayer interactions.
Two strategies to further reduce the interlayer interactions and thereby possibly decouple the magnetic behavior between the layers can be conceived. The first is to increase the interlayer space by introducting a nonmagnetic compound. This appproach has been realizied in Na 3 Ni 2 SbO 6 and Na 3 Ni 2 BiO 6-δ , where hydration of the interlayer Na + ions increases the interlayer distance by about one Ångstrom. 23, 24 Another example is the CrCl 3 -graphite intercalation compound C 20.9 CrCl 3 , where the intercalation of CrCl 3 single layers into graphite resulted in the emergence of spin glass behavior. 25 Exfoliation of 2D honeycomb compounds into monolayers and restacking the layers to form a solid with turbostratic disorder is the second strategy to reduce interlayer coupling. This kind of disorder can be described by random rotations and/or translations of the sheets around an axis perpendicular to the monolayer. Recently, it was shown that the stacking angle of two MoS 2 monolayers has a strong effect on the electronic interlayer coupling. 26 Thus, the restacking of single layers into a turbostratically disordered solid should significantly alter the magnetic properties of a layered compounds.
Here, we present a form of RuCl 3 with turbostratic disorder (t-RuCl 3 ) introduced by exfoliation into single layers and subsequent restacking into a lamellar, disordered solid. To the best of our knowledge, this is the first report of a single layer halide as well as of a single layer com-pound with a S = converted to t-RuCl 3 , which features a magnetic transition at T N = 7 K. The similarities and differences of the magnetic properties between bulk α-RuCl 3 and restacked t-RuCl 3 will be discussed in regards to the changes of the electronic and crystal structure. The diffraction patterns also offer information about the ordering of the layers in the multistack. A noticable feature is the Warren-type peak shape tailing off towards higher angles. The anisotropic form originates from the diffraction of the X-ray beam by a lattice with two dimensional translation symmetry without any ordering in the third dimension. [34] [35] [36] Therefore, the peak shape is the first indicator for the absence of order in the third dimension, signifying turbostratic disorder. A similar conclusion can be drawn from the out-of-plane PXRD, where the pellets of [RuCl 3 ] x-and t-RuCl 3 feature an exponential intensity decay for the series of (00l) reflections with higher order. This is known from tetrabutylammonium (TBA) intercalated, swollen lamellar phases such as TBA 0.35 Ti 0.91 O 2 , TBA 0.13 MnO 2 and TBA 0.2 RuO 2.1 . [37] [38] [39] The (00l) reflections of the ordered bulk α-RuCl 3 features a different intensity distribution, which is displayed in figure   S2 . Therefore, the presence of turbostratic disorder is suggested by the in-and out-of-plane PXRD patterns.
The introduction of turbostratic disorder and the changes in the oxidation state are expected to affect the magnetic properties of the different compounds. This is reflected in the in-plane Figure 4 summarizes the results of Curie-Weiss fits for all compounds.
In bulk α-RuCl 3 , we observe two magnetic transitions at T N1 = 7 K and T N2 = 13 K for the in-plane measurements, which were determined from the dMT/dT plot displayed in the supporting information and are consistent with previous experiments. 11 -13,22 The Weiss temperatures θ CW,ip of 31.2 (3) K and θ CW,op of -137.7(5) K suggest an in-plane FM exchange and out-of-plane AF interactions. These results are comparable to previous studies, where the values range from θ CW,ip = 37 K to 68 K and θ CW,op = -145 K to -150 K. 11, 13 The effective magnetic moment µ e f f ,ip = 2.26(1) µ B / Ru and µ e f f ,op = 2.22(1) µ B / Ru are also in the range of previously reported values (µ e f f ,ip = 2.0 -2.14 µ B / Ru and µ e f f ,op = 2.3 -2.7 µ B / Ru 11, 13 ) and are much higher than the spin-only value of 1.75 µ B / Ru, thereby indicating the presence of SOC. 11, 12 Upon the reductive intercalation of lithium ions into the interlayer space, the 4d 5 electron configuration of Ru 3+ changes to a 4d 6 To explain this behavior, the turbostratic disorder, as observed in the in-and out-of-plane PXRD data, has to be considered next to the electron configuration. Since the symmetry relation between the in-plane and the stacking direction is lifted by turbostratic disorder, no long range magnetic order can be expected outside the t-RuCl 3 single layer. This could be interpreted as a structural decoupling of the nanosheets, thereby possibly weakening the magnetic interlayer interactions, which probably also affects the in-plane magnetism. Therefore, even though macroscopic pellets of RuCl 3 layers were investigated, the results seem representative for the behavior of single layers of RuCl 3 . Figure 5 gives an overview of the electronic and structural differences between the presented compounds.
Even though the exact in-plane spin structure of t-RuCl 3 is yet unknown, the combination of the 4d 5 electron configuration, the retention of the Ru honeycomb arrangement as well as the magnetic transition at the same temperature as the zigzag order in bulk α-RuCl 3 hint towards the restoration of the magnetic order in t-RuCl 3 , with the zigzag structure being one possible candidate. Further investigations, especially neutron diffraction experiments, are of great interest to elucidate the spin structure of t-RuCl 3 in the single layer or restacked form.
In conclusion, we presented a synthetic route towards RuCl 3 nanosheets, the first exfoliation of a binary halide. Investigations of its in-plane structure show that it was retained during the exfoliation process, leading to dispersed, charged [RuCl 3 ] x-monolayers in suspension. Deposition of the sheets is possible and is used to create a pellet with turbostratic disorder. Magnetic measurements show that the intermediary pellet is a paramagnet. Upon oxidizing the pellet, the long range magnetic order of the spin 1 2 honeycomb arrangement is reestablished within the plane. A very different Weiss temperature and effective magnetic moment were observed in the out-of-plane direction compared to bulk α-RuCl 3 , probably due to turbostratic disorder. Therefore, the pellet of t-RuCl 3 seems to behave like a stack of magnetically decoupled single layers which can be obtained and characterized in bulk form. To our knowledge, a top-down approach of exfoliation and restacking of nanosheets to deliberately introduce turbostratic disorder enabling the manipulation of the magnetic properties of a solid has not been reported yet. We believe that the approach presented herein provides a synthetic tool to establish macroscopic quasi 2D model systems for Kitaev-Heisenberg physics in spin 1 2 honeycomb magnets and areas beyond.
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Detailed experimental procedures, techniques used for the characterization, single crystal X-ray data, further TEM images, magnetic data on all compounds as well as specific heat data of t-RuCl 3 are presented in the supporting information.
This material is available free of charge via the Internet at http://pubs.acs.org/. Figure 5 : Schematic summary of the presented phases, the chemical steps necessary to obtain them and illustrations to explain the differences in the stacking. Simplified molecular orbitals for a monomeric [RuCl 6 ] 3-complex constituting a RuCl 3 layer visualize the differences in the electronic state and in combination with the stacking, help to explain the evolution of the spin order. Smaller crystals for single crystal X-ray diffraction were grown at 923 K. Single crystal X-ray diffraction Diffraction data sets were collected at 298 K on a three circle diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with SMART APEX I CCD, using Mo-K α radiation (λ = 0.71073 Å). The collection and reduction of data were carried out with the BRUKER SUITE software package. S4 It turned out that the crystal under investigation was systematically twinned (dovetail twin for the monoclinic system), and the twin-law ( 100, 0-10, 001) had to be applied during data reduction. The intensities were corrected for absorption effects applying a multi-scan method with TWINABS. S3 The structure was solved by Direct Methods and refined by full matrix least-squares fitting with the SHELXTL software package. S5 Some residual occupancy was found in the empty octahedron of the α-RuCl 3 structure, a consequence of disorder in the layer stacking. Experimental details of data collection and crystallographic data are given in Tables S1, S2 and S3. Other analytical methods PXRD in-plane measurements were performed on a Stoe Stadi-P (Stoe Darmstadt, Germany) utilizing Cu-K α1 radiation (Ge(111) monochromator, λ = 1.54059 Å) and a Mythen Dectris detector in transmission geometry. The out-of-plane measurements were performed on a Bruker D8-Advance with Cu-K α1 radiation (Ge(111) monochromator, λ = 1.54059 Å), in reflection geometry, using a Vantec detector. All powder diffraction patterns were recorded at room temperature.
Elemental analysis for lithium and ruthenium was performed on a Vista Pro ICP-AES spectrometer. Ruthenium to chloride ratios were measured on a scanning electron microscope (SEM;
Vega TS 5130 MM, Tescan) with a SEM-EDX using a Si/Li detector (Oxford Measurements of the magnetic properties were performed on a MPMS by Quantum Design.
The specific heat data was collected on a PPMS, also by Quantum Design.
Further Results
SAED Simulation Figure S4 : Out-of-plane magnetic susceptibility and inverse magnetic susceptibility of α-RuCl 3 vs temperature at µ 0 H = 1 T, inset shows susceptibility from T = 3 K to 23 K. The discontinuity at around 160 K was observed in the literature S6 and assumed to be a change in the stacking behavior resulting in a structural phase transition from C2/m to R3. 
